ABSTRACT: The morphological evolution of thin composite films based on poly(3-hexylthiophene) (P3HT) and [6, 6 ]-phenyl C 61 butyric acid methyl ester (PCBM) upon annealing has been studied by means of transmission electron microscopy (TEM), scanning near-field optical microscopy (SNOM), and confocal Raman microscopy. This system currently is the most promising candidate for high-performance polymer solar cells. TEM bright field and SNOM topography measurements show that segregation and large-scale crystallization of PCBM take place upon thermal annealing. Additional SNOM optical absorbance measurements using laser irradiation sources with two different wavelengths in the visible light range and Raman microscopy are able to detect the component distribution within the thin composite film, which in detail demonstrates high diffusive mobility of PCBM upon annealing.
Introduction
Polymer solar cells 1 are a new type of photovoltaic conversion devices with high potential applications in the future energy market since their unique advantages in potential low production costs because of roll-to-roll production, their flexibility, and light weight. In contrast to many inorganic semiconductors, in which photon absorption directly produces free electrons and holes, 2 optical absorption in organic molecular and polymer semiconductors mainly creates electron-hole pairs (excitons) that are bound at room temperature. 3 In bulk-heterojunction 4, 5 photovoltaic cells the creation of free electrons and holes is accomplished by the spontaneous dissociation of the excitons at the donor/acceptor interface. 6 Subsequent transport and collection of the photoinduced charges at the appropriate electrodes then provides the photovoltaic effect. Morphology manipulation of the photoactive layer is thus a key point to improve the device performance of polymer solar cells. [7] [8] [9] [10] [11] In terms of efficiency and stability, one of the most promising polymer solar cells developed to date is based on the combination of regioregular poly(3-hexylthiophene) (P3HT) as donor and [6, 6] -phenyl C 61 butyric acid methyl ester (PCBM) as acceptor (Scheme 1). 12, 13 External quantum efficiencies above 75% and power conversion efficiencies of up to 3.85% have been reported recently for these P3HT:PCBM devices. 14 The high efficiency of these devices can be related to the intrinsic properties of the two components. Regioregular P3HT selforganizes into a microcrystalline structure, 15 and because of efficient interchain transport of charge carriers, the (hole) mobility in P3HT is high (up to ∼0.1 cm 2 V -1 s -1 ). [16] [17] [18] Moreover, in thin films interchain interactions cause a red shift of the optical absorption of P3HT, which provides an improved overlap with the solar emission. The second component, PCBM, is a C 60 fullerene derivative with an electron mobility of 2 × 10 -3 cm 2 V -1 s -1 . 19 Compared to C 60 , the solubility of PCBM in organic solvents is greatly improved, which allows the utilization of film deposition techniques requiring highly concentrated solution.
Interestingly, the efficiency of solar cells based on P3HT and fullerenes was shown to depend strongly on the processing conditions and to improve particularly by a post-thermal annealing step. 13, [20] [21] [22] [23] [24] During annealing, crystal growth and crystal perfection of both components occur, which increases charge transport capability. However, continuous annealing forces aggregation of both P3HT and PCBM, particularly the PCBM component, resulting in large-scale phase separation in the composite film. This goes hand in hand with decreasing performance of the device. Thus, accurate control of the annealing conditions is essential to gain high-performance devices, and procedures to monitor phase segregation upon annealing are required.
In this study, we introduce an approach to achieve detailed information on the morphology evolution and local composition of P3HT/PCBM composite films upon annealing by means of scanning near-field optical microscopy (SNOM) and Raman spectroscopy. Combination of both techniques provides a close look on the phase segregation caused by annealing.
Experimental Section
In our experiments, a mixture (1:1 in weight) of P3HT (M w ) 100 000 g mol -1 , M w /M n ) 2.14, and regioregularity greater than 98.5% as determined by NMR, from Rieke Metals Inc.) and PCBM was dissolved in 1,2-dichlorobenzene (ODCB) and deposited by † 25 For transmission electron microscopy (TEM) investigation thin composite films were floated off from their substrates onto the surface of demineralized water and transferred to 400 mesh TEM grids. Subsequently, bright-field TEM morphology observation was conducted on a JEOL JEM-2000FX TEM operated at 80 kV.
Similarly treated samples but transferred on a glass slide were used for scanning near-field optical microscopy (SNOM). Measurements were performed in transmission mode using the SNOM head with a single-mode optical fiber coated with aluminum (both from NT-MDT, Moscow, Russia). The probes with tip aperture of 100 nm were prepared by chemical etching and have a transmission efficiency of 10 -3 -10 -4 and maximum output power of 5 µW. Two lasers, He-Ne (λ ) 632.8 nm) and Nd:YAG (λ ) 532 nm), were employed as radiation sources. The transmitted light was collected with a 20× objective and detected with a photomultiplier tube (PMT). For each line scan 256 data points were taken with a line scan frequency of 0.8-1.0 Hz.
Raman spectra were collected with a scanning Raman microscope "NANOFINDER" (NT-MDT, Moscow, Russia and Tokyo Instruments, Japan) in backscattering geometry. In all cases, the laser beam was focused down with a 100×/0.95 objective (Olympus, IX-70) in the inverted optical microscope. A confocal aperture of 60 µm diameter was used. The spatial lateral resolution of about 400 nm was estimated from independent measurements of Si/SiO 2 calibration grating. A Peltier-cooled CCD detector (Andor Technologies, Ireland) with 1024 × 256 pixels was operated at -55°C
. The acquisition time was fixed at 2 s for Raman mapping and 30 s for single spectra measurements.
The SNOM head was fixed on the piezo-XY stage of the Olympus inverted optical microscope which is a part of "Nanofinder". It is controlled by the same electronics and software as the Raman microscope. The SNOM and micro-Raman measurements can thus be performed with the same equipment and sample configuration.
Ultraviolet-visible (UV-vis) absorption spectra were recorded against glass (instead of air) on a Perkin-Elmer Lambda 900 UV-vis-NIR spectrometer.
Results and Discussion
Annealing at 130°C for 30 min causes continuous crystallization and large-scale segregation of P3HT/PCBM composite films. Figure 1 shows a typical TEM image in bright-field contrast of the resulting morphology. The two dark areas represent large PCBM single crystals as can be seen from electron diffraction studies. 11, 20 Upon thermal treatment, PCBM diffuses and aggregates into the crystals with lateral size in order of several micrometers. The PCBM crystals are surrounded by an area, which appears brighter in the image. On the basis of our knowledge related to annealing studies performed on the system MDMO-PPV/PCBM, we speculate that these areas are depleted from PCBM, 9,10,26 which would be a strong indication for high diffusive mobility of PCBM upon annealing, even when the annealing temperature is much below the melting temperature of the surrounding crystalline P3HT material. A better understanding of such diffusion features of PCBM is required to control phase segregation toward the desired morphology, which ultimately offers good device performance. Thus, in the following we like to demonstrate that the combined application of SNOM and Raman microscopy is able to provide new insights related to such features.
In a near-field optical measurement a single-mode optical fiber with a hole of around 100 nm in diameter on the sharp end is placed into the near field (distance of 2-4 nm) of the investigated sample. A near-field probe generates an evanescent field, the wavelength of which is shorter than that of the propagating field, and thus, a diffraction limit of around onehalf of the wavelength of source light is circumvented. 27 The spatial resolution is then defined by the diameter of the hole. High-quality optical contrast images were obtained by this technique. It is especially important for analysis of materials on nanometer scale. A recent SNOM study on MEH-PPV/ PCBM systems can be found in ref 28 .
Near-field microscopic measurements provide a range of information about the P3HT/PCBM film studied. In Figure 2 zone surrounding this crystal, and (c) the remaining area representing the initial film plane. From the cross-sectional plot, we see that the zone surrounding the crystal is substantially deeper when compared with the initial film plane having a depth on the order of 30-50 nm, which is a first indication for depletion of PCBM similar to the system MDMO-PPV/PCBM. 9 Optical contrast SNOM images taken in transmission mode are shown in Figure 3 . The images are acquired at two different radiation wavelengths and show different contrast behavior. For our experimental setup, simultaneously topography and light absorbance measurements with a He-Ne laser of λ ) 632.8 nm wavelength could be performed. Figure 3a shows the optical absorbance image of the same area as Figure 2a . For irradiation with such laser light the area with smaller thickness surrounding the crystal demonstrates a higher absorbance value compared to that of the initial film. However, at wavelength of 532 nm the absorbance behavior inverts: the absorbance of the initial film exceeds the absorbance of the crystal-close region. The crystals themselves have comparable transmission at both the 632.8 and 532 nm wavelengths. Unfortunately, our experimental setup does not allow simple change of the laser source so that we were not able to perform the optical absorbance measurement on the same sample area.
These differences in optical absorbance can be explained by monitoring the absorbance spectra of pure P3HT and a 1:1 by weight P3HT/PCBM mixture obtained using a conventional UV-vis spectrometer (Figure 4) . After mixing the P3HT with PCBM the absorbance maximum in the visible spectrum has shifted from 570 nm to shorter wavelengths. Assuming that the areas surrounding the PCBM crystals are depleted of PCBM, the different absorption characteristics in dependence with the irradiation wavelength used can be explained. For both wavelengths, maximum absorption is found for the pure PCBM crystals, which mainly is related to their large thickness of several hundreds of nanometers. Comparing the initial film area, still composed 1:1 of P3HT/PCBM, with the area probably depleted by PCBM, the relative higher absorbance of 632.8 nm irradiation of the latter is related to the dominantly larger absorption of pure P3HT for such wavelength. In contrast, the slight higher absorbance of the initial film for 532 nm irradiation is caused by the somewhat similar absorbance characteristics of pure P3HT and the P3HT/PCBM mixture for such wavelength; however, the depletion zone is thinner and thus results in less total absorption.
Unfortunately, no Raman spectrum can be detected in such SNOM configuration because of extreme weak Raman signal (I Rayleigh /I Raman ∼10 6 ) as well as of low transmission coefficient of the optical fiber used (∼10 -4 ) and limited applicable laser power. Thus, no information about chemical composition of the sample and distribution of components therein is available only from near-field optical microscopy. However, by using the equipment described above, near-field and Raman microscopy studies can be combined to obtain as much information as possible from the investigated sample.
Confocal Raman microscopic measurements were performed to get insight into the components distribution within the sampled film. First, the spectra of PCBM and P3HT as bulky pure materials were collected and are shown in Figure 5 . A strong photoluminescence signal was detected from the pure PCBM ( Figure 5 , left) which has overlapped weak Raman bands. However, longer acquisition times and higher excitation power could not be used because of the reason of sample destruction. In the spectrum of P3HT ( Figure 5 , right) intensive Raman bands at 1442 and 1380 cm -1 can be attributed to CdC stretching vibrations of the thiophene ring and C-C skeletal stretching, respectively. 29 The Raman band at 728 cm -1 is assigned to the deformation vibration of the C-S-C bond. Significant fluorescent background is observed in the spectrum of P3HT as well.
Confocal Raman mapping was performed by monitoring the integrated intensity (Raman band area) of the ν(CdC) band at 1442 cm -1 at every point of the 225 µm 2 sample area with a step width between two consecutive measurement points of 150 nm. The 2D distribution of the sampled intensity is demonstrated in Figure 6 . Since the height profile of the sample is known from the near-field optical measurements, the Raman image reflects obviously the thickness of the investigated film: high intensities at thick areas and low intensities at thin areas. To obtain the realistic information about the distribution of the components, Raman spectra were measured in three regions: (a) PCBM crystals, (b) area surrounding the crystals, and (c) the initial composite film area. The obtained spectra were normalized by averaged film thickness. The thickness of the initial film was estimated at 110 nm with roughness of 10 nm by independent AFM measurements. The height of crystals and thickness of, probably, PCBM depleted areas were evaluated from topography profiles obtained in SNOM experiments. The corresponding Raman spectra are also shown in Figure 6 . The spectrum collected at point (a) has a strong fluorescent peak compared with spectra of the other areas, which is characteristic of bulk PCBM sample. Thus, the crystals contain predominantly PCBM material. However, Raman bands of P3HT with reasonable intensity also were found. Probably, the crystalline P3HT did not migrate from its initial position in the film sample to the other regions for annealing conditions as applied.
Raman modes of P3HT in the spectra of the crystal surrounding area and of the matrix demonstrate comparable intensity, indicating almost a similar amount of P3HT. The crystalline P3HT fibrils are not migrating; only PCBM depletes from the area surrounding the PCBM crystals so that the thin areas surrounding PCBM crystals still have the initial amount of P3HT in the composite film as-prepared. More detailed quantification of the local distribution of the amount of P3HT and PCBM is not possible by means of confocal Raman spectroscopy because of lack of lateral resolution and a heterogeneous sample thickness.
Conclusions
We have demonstrated that SNOM using irradiation sources with different wavelengths in the range of visible light is a suitable tool to gain insights in the component distribution of bulk heterojunction composite films based on P3HT and PCBM. After annealing the samples, phase segregation and continued crystallization are observed in topography images. Because the absorption characteristics of the components and their mixtures are different for the wavelengths used, relations between the local absorption characteristic of the sample and its organization can be resolved. From these data, it is assumed that large PCBM crystals are surrounded by a PCBM depleted area, still embedded in areas of the original film.
To further strengthen this statement, confocal Raman microscopy has been performed on bulk as well as on thin composite film samples. Also, Raman data suggest large-scale segregation and crystallization of PCBM upon annealing, which results in PCBM depletion areas. Moreover, from the presence of characteristic bands of P3HT at the position of the PCBM crystals, it can be concluded that the PCBM crystals are covered by P3HT fibrils. Further, the intensity of typical P3HT Raman bands in PCBM depletion areas as well as in the initial composite film is almost identical, which confirms that a similar amount of P3HT is present. In contrast to PCBM, P3HT stays at its initial location during the annealing treatment.
The results obtained help to better understand diffusion issues related to annealing procedures of bulk heterojunction polymer solar cells in general and in particular of the P3HT/PCBM composite, which is currently one of the most promising systems for polymer solar cells. Already for other systems based on PCBM 9,10,26 we could demonstrate that PCBM is very mobile, even for low annealing temperature far below 100°C. 9 Finally, systematic time-and temperature-dependent studies monitoring the segregation in P3HT/PCBM composite films upon annealing are currently in progress.
